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Abstract
The effects of substrate on the electronic properties of Graphene remains unclear. Many theoretical and experimental
efforts have been done to clarify this discrepancy. In this work, we studied the electronic transport in armchair
Graphene nanoribbons (AGNR) in the presence of substrate’s disorder. The three main substrate’s disorders -surface
roughness, charged impurity and surface optical phonon- are investigated. Non-Equilibrium Green’s function along
with the tight-binding model is employed to investigate the electronic properties of Graphene Nanoribbons. The
effects of these disorders are investigated individually, finally, the effects of them are compared to determine the
dominant source of scattering.
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1. Introduction
Two dimensional (2D) materials have attracted great
attention due to their interesting properties. Graphene,
the first member of this family, exhibits unique elec-
tronic properties and high carrier mobility [1, 2]. These
materials should be placed on a substrate for application
in the electronic devices and experimental results indi-
cate that substrate highly affects the electronic proper-
ties of 2D materials. Freestanding Graphene mobility
is about 200,000 cm2/Vs [2, 3, 4] whereas supported
Graphene mobility declines to 1000 − 20000cm2/Vs
[5, 6]. These discrepancies are usually explained by in-
teractions of Graphene with underlying substrates.
The main sources of the substrate scattering are sub-
strate impurities [7, 8, 9], surface phonon of polar sub-
strate [10, 11, 12, 13] and surface roughness [14]. The
effects of charged impurity (CI) is suggested as the
main source of scattering [7] but it has been shown
that charged impurity scattering in low-dimensional
semiconductor nanostructures can be damped by coat-
ing them with a high-K dielectrics [15]. Experimen-
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tal results have shown that mobility of Graphene can
be increased with putting a high-K dielectric on it
[16, 17, 18]. At the other hand, deposition of dielec-
tric films on Graphene has decreased electron mobil-
ity due to transferring surface roughness to Graphene
[19]. It has been observed that with deposition of ultra-
thin high-K dielectric materials on Graphene with much
less roughness can improve the carrier mobility [20, 21].
Hollander et al. [[22]] reported a mobility enhancement
in Graphene with applying a thinner top gate dielectric.
The third effect, surface optical phonon (SOP) is trans-
ferring to Graphene that can highly scatter carriers [23].
SOP scattering from polar dielectric layer can be a dom-
inant factor in limiting carrier mobility of Graphene at
room temperature insufficiently clean samples [11, 10].
Recently, hexagonal boron-nitride (BN), a 2D crystal
with a lattice constant very close to Graphene, has been
proved to be a good match substrate owing to its smooth
morphology, the limited density of dangling bonds, and
a little charge trapping. These characteristics of BN
lead to a dramatic improvements in Graphene mobility
(140000cm2/Vs) [24, 25, 26].
Surface roughness is proposed as another source of
scattering from the substrate that has not been com-
Preprint submitted to Physica E: Low-dimensional Systems and Nanostructures October 15, 2019
prehensively investigated. Reducing the surface rough-
ness is critical for Graphene-based devices because lo-
cal curvatures can lead to electronic effects such as cre-
ating charge puddles[27]. The surface roughness of
Graphene on the different substrates is experimentally
studied [28, 29, 30, 24]. In our previous work, we stud-
ied the effects of surface roughness on the electronic
properties of Graphene nanoribbon [31]. It is shown
that the mean free path can decrease with the power of
four of root mean square (RMS) of surface roughness.
In this paper, we study the effects of charged impu-
rities, surface optical phonon and surface roughness on
the mobility of Graphene nanoribbon and compare the
effects of them.
2. Approach
Experimental results have shown that the underly-
ing substrate can highly affect the electrical properties
of Graphene nanoribbon and drastically decline mo-
bility. Between different methods to explain this phe-
nomenon, Non-equilibrium Green’s function (NEGF)
has proposed as a strong method to investigate electri-
cal properties [32]. Tight-binding approach along with
NEGF has been used to study carrier transport in the
presence of disorders.
Charged impurity in the substrate have been reported
as the main source of scattering even for the clean-
est Graphene devices [8, 7]. Impurity scattering in
Graphene on SiO2 is not due to point defects presented
in the parent material, but rather is likely caused by
charged impurities in the SiO2 substrate [33, 9]. For
high quality SiO2, an impurity concentration as high
as 1011cm−2 is always reported. Tan et al. [[6]]
have examinedmany Graphene devices and have shown
that the large differences in transport properties due to
the charged impurities existed on the SiO2 substrates.
Specifically, they have found the impurity concentration
of studied devices varies between 2 − 15 × 1011cm−2.
Adam et al. [[33]] divided substrates in two groups,
very clean substrate (substrate with impurity concen-
tration in the range of 10 × 1010cm−2) and very dirty
substrate (substrate with impurity concentration in the
range of 350 × 1010cm−2). BN substrate is experimen-
tally comparedwith SiO2 and it is observed that charged
impurity density in BN is approximately one order of
magnitude lower than it in SiO2 [34].
Multi-orbital Hamiltonian (s, px, py, pz) is considered
for modeling of the devices. Device Hamiltonian can be
written as:
H =
∑
i,α
ǫαc
†
i,α
ci,α +
∑
〈i, j〉;α,β
ti, j;α,βc
†
i;α
c j;β, (1)
that i and j stand for the atomic sites, α and β are atomic
orbitals. ǫα is on-site potential corresponding to the s-
and p-orbitals and ti, j;α,β is the hopping matrix elements
between α orbital at i and β orbital at j atomic sites.
The c
†
i;α
(c j;β) is creation (annihilation) operator. The TB
parameters are taken from Ref. [[35]]: ǫs = 7.3 eV, ǫp =
0.0 eV, Vssσ = 4.30 eV, Vspσ = 4.98 eV, Vppσ = 6.38 eV,
Vppπ = 2.66 eV.
It is assumed that charged impurities are randomly
distributed with a density of nimp. The potential has
a Gaussian form that commonly used in the literatures
[36, 37, 38, 39]:
Uimp(ri) =
Nimp∑
j=1
U j exp
(
−
|ri − r j|
2
2ξ2
)
, (2)
where Nimp = N×nimp (N is the number of atoms) is the
number of the charged impurities. ξ is the range of the
potential. Strength amplitude U j taken from a uniform
distribution over the interval [−δU, δU] that is reported
to be δU ∼ 0.3eV [8, 7]. ri and r j run over atom and
impurity positions, respectively.
Surface roughnessmodulates positions and directions
of atomic orbitals. Hopping parameters are modulated
with using Harrison’s model ti j ∝ 1/d
2 [40] along
with Slater-Koster approach [41] where d is bonding
length after applying surface roughness. Substrate’s sur-
face roughness is a statistical phenomenon which can
be described with a Gaussian autocorrelation function
(ACF) [42, 28]:
R(x, y) = δh2 exp
(
−
x2
Lx
2
−
y2
Ly
2
)
. (3)
where Lx and Ly are the roughness correlation lengths in
the x and y-direction, respectively. δh is the root mean
square of the height fluctuation. To generate surface
corrugation in the spatial domain, the auto-correlation
function is Fourier transformed to obtain the spectral
function. A random phase with even parity is applied
and followed by an inverse Fourier transformation [31].
NEGF is used to study the electron transport in
Graphene. The Green’s function of the channel at each
energy (E) is given by:
G(E) =
[
E − H − Uimp − ΣS − ΣD − Σph
]
, (4)
where H is the Hamiltonian of the channel after mod-
ulation of surface roughness. ΣS ,D states self-energy of
the left- and right- contacts that can be expressed as:
ΣS ,D = τ
†
S ,D
gS ,D(ǫ)τS ,D. (5)
2
gS ,D is the surface Green’s function of the contacts that
is obtained with highly converge Sancho’s method [43].
Σph is self-energy of electron-phonon (e-ph) interac-
tion that can be calculated by using lesser and greater
Green’s functions. The lesser and greater Green’s func-
tions for e-ph scattering can be written as [44]:
Σ
<,>
ph
( j, j; E) = D0(nw + 1)G
<,>( j, j; E ∓ hwop)
+ D0nwG
<,>( j, j; E ± hwop),
(6)
where D0 is the electron-phonon coupling constant and
is calculated from electron-phonon interaction Hamil-
tonian. For carbon nanotube, D0 is equal to 0.07
[45]. This value is used in many works for Graphene
nanoribbon[46, 47]. nw is phonon occupation number in
thermal equilibrium. hwop is the energy of surface op-
tical phonon that its amount for the different substrate
is listed in Table. 1. The electron and hole correlation
functions, G< and G>, are given by:
G<,> = GΣ<,>G†, (7)
where
Σ
<,>
= Σ
<,>
S
+ Σ
<,>
D
+ Σ
<,>
ph
, (8)
The lesser and greater Green’s functions for two leads
are calculated by:
Σ
<
S ,D = iΓS ,D(E) fS ,D(E)
Σ
>
S ,D = −iΓS ,D(E)
(
1 − fS ,D(E)
) (9)
where fS ,D(E) is Fermi-Dirac distribution function for
source and drain contacts. The broadening for two leads
can be obtained from self-energy with:
ΓS ,D(E) = −i
(
ΣS ,D − Σ
†
S ,D
)
. (10)
The imaginary part of the electron-phonon self-energy
can be obtained from lesser and greater Green’s func-
tions as:
Σ
i
ph = −
i
2
Γph(E) =
1
2
[
Σ
>
ph − Σ
<
ph
]
. (11)
The real part of self-energy is manifested as a shift
of energy levels and is computed by using the Hilbert
transform. Because of the small effect of the real part
of electron-phonon self-energy, it can be neglected in
order to simplify the computations [44].
In the case of surface optical phonon, the above equa-
tions should be solved self-consistently to calculate the
current. For incoherent situation, the current can be ob-
tained by:
I =
q
h
∫
+∞
−∞
(
Trace
[
iΓS G
<] − Trace [iΣ<S A]) dE, (12)
Figure 1: Mobility as a function of (a) charged impurity strength
and (b) range of potential. Inset of the Fig. (a) shows transmission
as a function of energy for various δU . Mobility is plotted for two
different charge impurity densities. Number of atoms in width (nW)
is considered 15 for both of them.
But for coherent transport (without electron-phonon
scattering), the transmission can be obtained with the
following equations.
T (E) = Trace
[
GΓS G
†
ΓD
]
. (13)
Current and transmission for the incoherent and coher-
ent situation are calculated, respectively. Charged impu-
rity and surface roughness are two random mechanisms
scattering. Because of this, many equivalent samples
for each value of the disorder (surface roughness and
charged impurity) is simulated, and then the average of
results (transmission, conductivity, mobility and mean
free path) is reported for each ensemble.
3. Results and discussion
3.1. Charged impurity
It is deeply accepted that the mobility-limiting factor
in Graphene is the Coulomb scattering of charged impu-
rities that reside either on Graphene or in the underlying
3
Figure 2: (a) Two-dimensional plot of the mean free path at varying energy and charged impurity strength. Mean free path is shown as a function
of (b) δU and (c) ξ for two different charge impurity densities (5 × 1012cm−3 and 1 × 1013cm−3).
. (d) Mean free path is shown as a function of charge impurity.
substrate. We start by studying the electrical proper-
ties of supported Graphene in the presence of charged
impurities. The mobility can be obtained with using
µ = σ/ne that σ is conductivity, n is electron density
and e is unit of electrical charge. Obtained resistance
with using NEGF can be partitioned into contact resis-
tance (RB) and channel resistance Rch [48]. We sub-
tracted interface resistivity from total resistivity, there-
fore, Mobility can be calculated using:
µ =
σ
ne
=
1
(1/G − 1/GB)
L
W
1
ne
(14)
that G and GB are the conductivity in diffusive and bal-
listic regimes, respectively. L and W are length and
width of the channel, respectively. Using the Landauer
approach, conductivity can be found in linear response
with using [49]:
G = G0
∫
T (E)
(
−
∂ f (E − E f )
∂E
)
dE, (15)
which G0 = 2e
2/(2π~) and f (E − E f ) is Fermi-Dirac
distribution function. The mobility with respect to the
strength and the range of CI potential is plotted in Fig.
1(a) and (b), respectively. Charged impurity-limited
mobility shows small dependency on δU, and indicates
high mobility in the presence of CI (see Fig. 1(a)).
Smooth transmission in the inset of Fig. 1(a) also proves
the weak scattering due to long-range charged impurity
scattering. As can be seen in Fig. 1(b), the mobility
shows more dependency on the range of potential, so
that, the mobility decreases more than one order of mag-
nitude with increasing ξ from a0 to 3a0. It should be
noted that a0 is the atom distance for nearest neighbor
atoms. The mobility for two different impurity densities
is indicated in the inset of Fig. 1(b). As one can see,
the effect of impurity density on mobility increases with
increasing ξ. This increasing effect arises from the lo-
calized states that are created at a high ξ in the presence
of high CI density. The localized states in the presence
of CI has been reported in Ref. [[50]]. Mobility declines
with increasing ξ, however, the mobility remains higher
than 105cm2/Vs with these impurity densities for all the
range of the potentials. It can be stated that mobility
does not highly dependent on the CI that is in agreement
with the results of Ref. [[51]].
In the following, we calculated the mean free path
(MFP) in the presence of CI to investigate its effects
on the electrical properties. MFP can be obtained with:
T (E) = M(E)/ (1 + L/λ) that M is the number of sub-
bands in the particular energy [52]. MFP obtained as
a function of impurity amplitude and results are plot-
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ted in Fig. 2. MFP increases with increasing energy,
however, mean free path falls down at the edge of sub-
bands because of high scattering due to the high density
of state. Due to longer MFP in comparison with chan-
nel length in the presence of CI, electron approximately
transports ballistically in the device with L=14nm and
L=22nm. MFP as a function of ξ has been shown in
Fig. 2(c). We consider two high CI densities to indi-
cate that CI has a weak effect on the MFP. In this figure,
λ shows a 1/nimp dependency that is in agreement with
diffusive transport. However, one can observe distortion
at ξ = 5a0 related to the creation of localized states for
high ξ.
3.2. Substrate surface roughness
Substrate surface roughness is studied as another
source of electron scattering. The surface roughness pa-
rameters for different substrates are summarized in our
previous work [53]. After the investigation of many
samples, the mobility of each sample and its ensem-
ble average is plotted as a function of surface rough-
ness amplitude in Fig. 3. Surface roughness-limited
mobility (µS R) decreases with increasing surface rough-
ness but as it is obvious, the range of variation increases.
Higher scattering due to surface roughness and the cre-
ation of localized states highly decline the mobility. So
that, µS R decreases more than three orders of magni-
tudes when surface roughness amplitude increases from
30pm (BN’s substrate surface roughness amplitude)[25]
to 250pm (SiO2 substrate) [28]. We observed the mobil-
ity remains more than 105cm2/Vs for the investigated
charged impurities, whereas, SiO2 substrate’s surface
roughness scattering decreases mobility to 103cm2/Vs.
This states that the effect of CI on mobility is negligible
in comparison with the effect of surface roughness.
3.3. Surface optical phonon
Surface optical phonon (SOP) is transferred to
Graphene from underlying polar substrates. Phonon en-
ergy of the various substrates is reported in TABLE. 1.
SOP-limited mobility (µS OP) as a function of the re-
ported surface optical phonon energy is shown in Fig.
4. Phonons with lower energy have a higher effect on
mobility because high energy phonons only are effec-
tive at the high electric field. ZrO2 and HfO2 have the
lowest optical phonon energies and the highest effects
on µS OP. As can be seen in this figure, these two sub-
strates can decrease µS OP by one order of magnitude
relative to other substrates. With other substrates (ex-
cept ZrO2 and HfO2), mobility is approximately lim-
ited to 105cm2/Vs that is in the range of µCI . We can’t
Figure 3: Plot of Mobility for each samples at the different surface
roughness amplitude. Blue solid line indicate average of the mobility.
directly calculate the transmission probability in inco-
herent transport but we define effective transmission as
T (E) = I(E)/( fS (E) − fD(E)). Inset figure of Fig. 4
shows transmission probability versus energy. As men-
tioned before, the transmission of two substrates, ZrO2
and HfO2, is highly affected by surface optical phonon.
3.4. Comparison of scattering disorders
In the following, the effects of surface optical phonon
on the transport in the presence of charged impurity and
surface roughness is studied. First, we analyze the ef-
fects of SOP in the presence of a charged impurity. The
mobility versus the phonon energy is plotted for vari-
ous δU in Fig. 5(a). The mobility is limited by sur-
face optical phonon at low phonon energy, whereas,
the effect of charged impurity increases with increasing
phonon energy that can be explained by Matthiessen’s
rule: 1/µ = 1/µS OP + 1/µCI . We observed that the mo-
bility is limited to 104cm2/Vs with low phonon energies
scattering, whereas, it is higher than 105cm2/Vs with
charged impurity scattering. As can be seen, the mobil-
ity doesn’t depend on δU for hwOP=19.43 eV that is due
to the high effect of SOP with this energy.
We investigate the effects of both surface roughness
and SOP. Fig. 5(b) shows the calculated mobility that
has been limited by these mechanisms. Both scattering
mechanisms contribute to limit the mobility at low sur-
face roughness amplitudes. According to Matthiessen’s
rule, the mobility can be obtained with the contribu-
tion of two scattering mechanisms. However, as one
can observe in Fig. 5(b), the mobility is independent on
phonon energy for high surface roughness amplitudes.
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Table 1: Surface-optical phonon modes for various dielectric gates [54, 10, 23, 55].
HfO2 ZrO2 Al2O3 SiO2 AlN BN SiC
wS O,1 19.43 25.02 55.01 59.98 83.60 101.70 116
wS O,2 52.87 70.80 94.29 146.51 104.96 195.70 167.58
Figure 4: Mobility limited by surface optical phonon. Surface optical
phonon is for various surface substrates that is reported in Table. 1.
Inset figure shows transmission probability as a function of energy for
different phonon energy. The arrow indicate the increasing of phonon
energy (~wop).
3.5. Comparing the results with experiment
Mobility as a function of nanoribbon width with con-
sidering three sources of scattering is plotted in Fig. 6.
δU = 300meV, ξ = 3a0 and nimp = 5 × 10
12cm−2
are assumed for charged impurity. Charged impurity-
limited mobility increases with increasing nanoribbon’s
width and decreases after w = 5nm that it is in agree-
ment with previous study [56]. Surface optical phonon
of three common substrates (HfO2, SiO2 and BN) is
considered. In addition, three surface roughness am-
plitudes are considered, δh = 75pm for BN [24], δh =
150pm and δh = 250pm for SiO2[28, 30]. Mobility
limited by impurity and SOP with hwop = 101.7 meV
shows the highest values at different AGNRwidth. SiO2
SOP (hwop =59.98 meV) limits the mobility lower than
BN’s SOP but they approximately are in the same range,
whereas, SOP-limited mobility for hwop = 19.43meV
(HfO2 dielectric) is one order of magnitude lower than
them. This states that using of high-k dielectric (HfO2
and ZrO2) can decrease µS OP one order of magnitude
for all of the width ranges, while the mobility highly
limited by surface roughness. One can clearly observe
that µS R is more than two orders of magnitudes lower
than µS OP and µCI .
Figure 5: Mobility as a function of surface optical phonon energy for
(a) different CI strength and (b) different surface roughness ampli-
tudes. Number of atoms in width (nW) is equal to 15 and Lx = Ly =
25nm.
Mobility limited by various substrate’s disorder is
compared with experimental data from Wang et al [57].
As one can observe, there is approximately one order
of magnitude difference between our obtained mobil-
ity and reported mobility. Indeed, edge roughness is
proposed as the dominant scattering on the limited mo-
bility for narrow AGNR [58, 56], but surface rough-
ness is proposed dominant over edge roughness for wide
AGNR[31].
Mobility limited by SOP due to BN substrate around
106cm2/Vs that is one order of magnitude more than
mobility limited by the surface roughness of BN sub-
strate, whereas this difference with SiO2 substrate
(δh= 250pm and hwop =19.42 eV) is three orders of
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Figure 6: Mobility as a function of GNR width limited with vari-
ous underlying substrate’s disorders. For charged impurity we have
δU = 0.3eV , ξ = 3a0 and nimp = 5 × 10
12cm−2 . Three phonon en-
ergies (hwop = 19.42eV , hwop = 59.98eV and hwop = 101.7eV) are
considered. Also, three surface roughness amplitudes, δh = 75pm,
δh = 150pm and δh = 250pm are selected for BN and SiO2 substrates.
Solid lines, dashed line, and dotted lines indicate limited mobility by
surface optical phonon, charged impurity and surface roughness, re-
spectively.
magnitudes. According to Matthiessen’s rule, AGNR’s
mobility mainly limited by surface roughness for both
substrates. Bischoff et al. [[59]] proposed electrons
transport through the localized charge puddles that may
be created by surface roughness [27]. In opposite, V.
Abramova et al. [[60]] studied 50 Graphene nanorib-
bons on SiO2 substrate and 12 GNRs on BN substrate.
Mean average of GNR width on SiO2 and BN sub-
strates are reported 8.7nm and 6.4nm, respectively. The
mobility is reported µ = 14cm2/Vs for GNR on SiO2
substrate that is very smaller than our obtained results.
However, a huge variation in mobility is observed for
surface roughness, see Fig. 3, so that the mobility is ap-
proximately distributed from 1 to 104cm2/Vs for SiO2
substrate (δh = 250pm). In addition, line edge rough-
ness is the main source of scattering especially for nar-
rowAGNR that is not considered here. This is proposed
the substrate interaction as the main source of scattering
for SiO2 substrate. The minimum conductivity for GNR
on SiO2 and BN is compared. The minimum conduc-
tivity for SiO2 is one order of magnitude smaller than
GNR on BN in the room temperature and their differ-
ence can decline with temperature decreasing. N. JG.
Couto [[61]] theoretically and experimentally studied
Graphene on the BN and they found random strain fluc-
tuations are the dominant source of disorder that the ran-
dom strain is created with surface roughness.
4. Conclusion
The effects of the substrate disorders on the mobil-
ity of graphene nanoribbon was studied. We compared
the effects of charged impurity, surface optical phonon
and surface roughness. We find that mobility is mainly
limited by surface roughness and somewhat by surface
optical phonon. The effects of charged impurity on mo-
bility can be neglected. The mobility in the presence of
both charged impurity and surface optical phonon is in-
vestigated. We conclude that for low phonon energy, the
mobility is limited by phonon, whereas, higher phonon
energy has a smaller contribution to mobility. In the fol-
lowing, we studied the effects of both surface roughness
and surface optical phonon. We observe that the mo-
bility is mainly limited by surface roughness scattering.
We find that the main sources of the scattering are sur-
face roughness of substrate which can reduce mobility
to around 1000cm2/Vs for SiO2 substrate.
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